Environmentally persistent free radicals (EPFRs) are a new class of pollutants that are long-lived in fine particles (PM 2.5 ), i.e., their 1/e lifetime ranges from days to months (or even infinite). They are capable of producing harmful reactive oxygen species such as hydroxyl radicals. The redox cycling of EPFRs is considered as an important pathway for PM 2.5 to induce oxidative stress inside the humans, causing adverse health effects such as respiratory and cardiovascular diseases. Consequently, research regarding their toxicity, formation and environmental occurrences in PM 2.5 has attracted increasing attentions globally during the past two decades. However, literature data in this field remain quite limited and discrete. Hence, an extensive review is urgently needed to summarize the current understanding of this topic. In this work, we systematically reviewed the analytical methods and environmental occurrences, e.g., types, concentrations, and decay behaviors, as well as possible sources of EPFRs in PM 2.5 . The types of pretreatment methods, g-values of common EPFRs and categories of decay processes were discussed in detail. Moreover, great efforts were made to revisit the original data of the published works of EPFRs in airborne particulate matter and provided additional useful information for comparison where possible, e.g., their mean and standard deviation of g-values, line widths (∆H p-p ), and concentrations. Finally, possible research opportunities were highlighted to further advance our knowledge of this emerging issue.
Introduction
Among the greatest issues that the scientific community faces during the twenty-first century is air pollution. Data from the World Health Organisation (WHO) show that air pollution levels remain dangerously high in many parts of the world, i.e., 9 out of 10 people breathe air containing high levels of pollutants [1] . According to the WHO Global Ambient Air Quality Database released in April 2018 for fine particles [PM 2.5 , i.e., particulate matter (PM) with an aerodynamic diameter (d ae ) less than 2.5 µm], among 20 major countries (with a population greater than 50 million people), only the USA on average meets the WHO annual exposure limit of 10 μg/m 3 (Fig. 1) [2] . In contrast, the mean annual concentration of PM 2.5 in five of the major developing countries in Asia, i.e., India, Pakistan, Bangladesh, China and Vietnam all exceeds 40 μg/m 3 , with the concentration of India (84 μg/m 3 ) nearly an order of magnitude greater than that of the USA (8 μg/m 3 ).
Characterizations of PM 2.5 suggest that greater than 70% is released from combustion sources [3] . Elemental carbon (EC) and organic carbon (OC) account for greater than onehalf of these particles. The identified organic chemicals in PM 2.5 include polycyclic aromatic hydrocarbons (PAHs), oxy-PAHs, alkanes, organic acids, and macromolecular species similar to humic acid [4] . In addition, the PM 2.5 contains transition, alkali, and other toxic metals at concentrations in the range from percent (e.g., iron, potassium, silicon) to part-per-million (e.g., copper, nickel, zinc) [4] . Because of their small sizes and long lifetime in the atmosphere (days to weeks as compared to minutes to hours for PM 10 , PM with a d ae ≤ 10 µm), PM 2.5 can be transported over long distances (up to thousands of kilometers) in the atmosphere [5] . More importantly, PM 2.5 can penetrate deep into the lungs, causing cardiopulmonary diseases [5] . As estimated by the WHO, human exposure to PM 2.5 causes approximately 7 million deaths annually throughout the world [1] . In China, the study shows that the total, cardiovascular, and respiratory mortality ranges from 0.00 to 0.90%, 0.26 to 1.22%, and 0.07 to 0.97%, respectively, per 10 μg/m 3 increase in the PM 2.5 concentration [6] . PM 2.5 -induced oxidative stress has been considered as an important mechanism that mediates the respiratory and cardiovascular diseases in humans [7] . Oxidative stress results from an impaired ability of anti-oxidants to protect themselves from harmful reactive oxygen species (ROS) such as superoxide (O 2 ·− ), hydroxyl radical ( · OH), and hydrogen peroxide (H 2 O 2 ) [8] . An important means by which PM 2.5 can induce oxidative stress is through the redox cycling of environmentally persistent free radicals (EPFRs) [9] . It has been reported that one EPFR can generate approximately 10 hydroxyl radicals [10] . A free radical is an atom or molecule that comprises at least one unpaired electron that renders its high reactivity. For instance, the hydroxyl radical is among the most powerful oxidizing agents that is capable of unselectively and instantaneously reacting with surrounding chemicals [11] and causing the DNA damage [12] . EPFRs are a class of long-lived, resonance-stabilized (e.g., delocalization of electrons over the aromatic ring) radicals that are different from commonly short-lived radicals (e.g., the hydroxyl and peroxyl radicals) [13] . For instance, the halflife of the ortho-semiquinone radical formed in the matrix of Zn(II)O/silica ranged from 46 to 73 days [14] , which is 14 orders of magnitude longer than that of the hydroxyl radical (10 −9 s) [15] . EPFRs are ubiquitous in the environment and can either occur naturally in the biomass [16] , coal [17] , and soil [18] or be present in biochar [19] , fly ash [20] , and soot [21] as a consequence of various anthropogenic combustion and thermal processes.
While the concept of "persistent free radicals (PFRs)" is dated back to 1950s [22] and then it was developed in decadal works of Pryor and co-workers [23, 24] , the prevailing formation mechanism of EPFRs as a conceptualized three-step process was first proposed by Dellinger's group in 2007 [13] . Briefly, it is initiated by physisorption of a substituted aromatic molecule (with or without substituents of hydroxyl and/or halogen groups, etc.) onto the surface of a transition metal oxide. This is followed by chemisorption via elimination of water and/or hydrogen halide. Finally, the electron transfers from substituted aromatics to the center of the transition metal resulting in the simultaneous reduction of the transition metal and formation of EPFRs. This mechanism has been corroborated by extensive laboratory studies typically using a transition metal-impregnated silica gel powder (with a mean particle diameter of 125-150 µm) as a substrate and hydroquinone, catechol, phenol, 2-chlorphenol, monochlorobenzene, and 1,2-dichlorobenzene as model substituted aromatics. It has mostly been performed within the temperature range of 100-400 °C, mimicking the EPFR formation conditions in the cool zone of combustion and thermal processes [3] . This mechanism also applies to the formation of EPFRs on a hematite-silica surface under ambient conditions using ultraviolet (UV) light irradiation [25] . However, it can neither fully explain the formation of EPFRs from unsubstituted aromatics such as benzene [26] nor the reversed electron transfer from ZnO surfaces to phenols [27] . To solve these problems, Vejerano et al. proposed a new formation mechanism of EPFRs on the surfaces of combustion or thermal treatment produced engineering nanomaterials (ENMs) not necessarily supported on micron-sized silica particles or with the presence of transition metals [28] . This hypothesis is based on the fact that the band gap energy of ENMs may be lower than that of micron-sized silica, thus facilitating the electron transfer between the nanoparticle's surface and into the energy band of a donor-acceptor molecule [28] . In cases in which large organic moieties are present but with no transition metals or at a low concentration, e.g., biochar, formation of EPFRs can occur inside the matrix of the organic moieties mainly via the shrinkage of macro-molecule structures during biochar cooling [29] .
Although a link between EPFRs and health impacts was suspected, their potential health effects had long been unrecognized as they were perceived as "in accessible to cells and too stable to play any part in carcinogenesis" [4] . It was not until 2001 that Dellinger and co-workers demonstrated that the PM 2.5 contains semiquinone-like EPFRs that are capable of producing biologically damaging hydroxyl radicals [24, 30] . Since then, the research on the toxicity, formation, and environmental occurrences of EPFRs has attracted increasing attentions worldwide and currently, a total of 140 papers are indexed by Web of Science under the keyword "environmentally persistent free radicals". However, research regarding the EPFRs in PM 2.5 is relatively scarce (less than 20 papers have been published) and discrete. Recently, Pan et al. reviewed the occurrences, formation mechanisms and toxicity of EPFRs as well as their roles in the degradation of organic contaminants [29] . However, EPFRs in PM 2.5 were not included in this review. In another review by Vejerano et al., the prevailing formation mechanism of EPFRs as well as the alternative formation mechanism via ENMs were discussed in detail; whereas their toxicity, health effects and occurrences in PM 2.5 were only briefly summarized [28] . A critical review of EPFRs in PM 2.5 is, thus, urgently needed to summarize the current understanding of the topic and provide perspectives for future studies. Therefore, the objective of this review was to systematically discuss the research on EPFRs in PM 2.5 to date, particularly their analytical methods, environmental occurrences (e.g., types, concentrations and decay behaviors) and possible sources.
Analytical methods assessing EPFRs in PM 2.5

Sampling
To avoid possible interferences of near ground sources (e.g., dust), sampling of PM 2.5 is typically performed at high elevations (> 10 m above ground). Table 1 summarizes the general information of 15 field investigations of EPFRs in airborne PM throughout the world covering different land use types (e.g., urban, suburban, traffic, and industrial) and in both outdoor and indoor environments. Because of the limited studies of EPFRs in PM 2.5 available in the literature and to understand their size effects, cases of EPFRs in PM of other size categories, e.g., total suspended particles (TSP, d ae ≤ 100 µm), PM 10 , PM 3.0 (d ae ≤3.0 µm), and PM 1.0 (d ae ≤1.0 µm), were included in this review as well. Thus far, we have reported data of EPFRs in airborne PM in six countries, i.e., China, Germany, Greece, India, Saudi Arabia and the USA. As listed in Table 1 , there are various forms of sampling media for airborne PM, including a glass fiber filter (GFF) [21, 31] , quartz fiber filter (QFF) [32] [33] [34] [35] , Teflon membrane filter (TMF) [24, 36, 37] , polytetrafluoroethylene (PTFE) [35, 38, 39] , polycarbonate filter (PCF) [40] , and even a leaf [41] .
Specific care must be taken using the filters for collection of radicals. One of our authors has shown the dramatic role of the different types of filters (e.g., cellulosic, cellulose nitrate, cellulose acetate, nylon, Teflon, and Cambridge) to collect PM from tobacco smoke [42] . The collection of the primary radicals (measured immediately after collection of PM on filters) depends significantly on the type of the filter. The binding capabilities of the filters decrease in the order cellulosic > cellulose nitrate > cellulose acetate > nylon ∼ Teflon. The polyurethane foam (PUF) was also relevant for sampling purposes. PUF without excessive processing allows for the preservation of EPFRs by simply using a tapping shaker. About 50% of particles by mass collected on the PUF matrix can be retrieved this way. In fact, the retrieval of EPFRs from collection matrix (i.e., filters) is critical for the EPFR studies.
In terms of sampling duration, most samples were collected for 24 h but up to 10 days. The sampling flow rate varied from 0.18 to 80 m 3 /h with a total sampling volume in the range from 4.32 to 1920 m 3 . For leaf samples, the reported mean PM collecting capacity per cm 2 of leaf is 6.8 µg on average. To remove any organic contaminant present in the filter, it either needs to be cleaned with solvent (e.g., dichloromethane, DCM) as for TMF [36] or baked at high temperature (~ 450 °C) for several hours as for GFF [32, 33] . Prior to and after sampling, the filters need to be weighted after reaching equilibrium under a controlled environment, typically at 25 °C with a relative humidity from 30 to 55% [32, 43] . After collection, the samples are typically wrapped in an aluminum foil and maintained at low temperatures (typically at 4 or − 20 °C) until analysis.
Pretreatment
As shown in Fig. 2 , there are various means an airborne PM sample can be pretreated before it is analyzed via the electron paramagnetic resonance (EPR) spectroscopy for the characterization of EPFRs. Generally, they can be classified into two categories: i.e., a method that leads to direct measurement and that which leads to indirect measurement. Pretreatment for direct measurement includes the conventional quartz-tube-based (QTB) and recently proposed quartzsheet-based (QSB) methods [45] . For the QTB method, the filter is cut into pieces or folded and pushed into the EPR quartz tube (the inner diameter is typically 3-5 mm). Then, the quartz tube is fixed into the EPR cavity resonator for EPFR measurement. In comparison, there is no push in the QSB method; the filter slices (5 × 28 mm) are simply clamped with a slide and cover quartz sheet and directly placed into the cavity resonator. This avoids the distortion of filters caused by the compaction in the quartz tube that leads to increased sample density. Not surprisingly, as compared to the QSB method (RSD = 3.6%), the QTB approach shows an average 9% overestimation of EPFR concentration with an RSD of 7.4%, suggesting that it is less accurate and reproducible than the QSB method. The pretreatment for indirect measurement is actually a solvent extraction process. It can be further divided into two subcategories: i.e., extraction of EPFRs and extraction of PM, referred to as the EOE and EOP methods (Fig. 2) . The EOE method is achieved by elution of PM with either a single solvent, e.g., DCM [32, 38] and carbonate-buffered solution (pH = 10.0) [31] , or multiple solvents in sequence, e.g., water, methanol (MeOH), DCM, and n-hexane with reducing polarity indices of 10.2, 5.1, 3.1 and 0.1, respectively [46] . Prior to elution, shaking and/or steeping in the darkness for several hours may be needed to enhance the extraction efficiency. The eluant is then either directly concentrated by a nitrogen blower or rotary evaporator or initially filtered. The EOP method is performed in a completely different manner. It typically starts with sonication of PM in the deionized water followed by the separation of solid particles from the aqueous solution using either filtration or centrifugation. The particles as obtained need to be further dried via a lyophilizer or vacuum dryer before being placed in the quartz tube for EPR analysis.
The choice of pretreatment method is largely dependent on two factors: the fraction of EPFRs to be measured and the nature of the sample. If the aim is to obtain the overall content of EPFRs in the PM sample, it is advisable to use the QTB or QSB method. Studies have shown that most of the EPFRs in airborne PM are derived from solvent-resistant organic matter [21, 45, 46] . For instance, the direct measurement using the QSB method yielded an average EPFR concentration of 3.97 × 10 14 spins/m 3 for 12 samples collected in December 2017 in Xi'an, China. In comparison, no EPFR signals were detected following the EOE method using DCM as the only eluant. Regarding multiple solvent extraction, e.g., water, MeOH, DCM and n-hexane in sequence, only 6.8% of the EPFRs were extracted as compared to those of the QSB method [45] . This agrees with the study of EPFRs in TSP, in which the intensities decreased by only 20-30% after the samples were extracted via a mixture of n-hexane/acetone (1:1, v/v) [21] . However, the QTB and QSB methods are only suitable for small volume samples such as filters and concentrated extracts. For example, the leaves can neither be placed into the EPR quartz tube nor the quartz sheet because of their size limitations. In this case, the EOP method could serve as a sound alternative to transfer the particles deposited on the surfaces of the leaves to the quartz tube, thus increasing the signal intensities of the sample per volume of the cavity while keeping the EPFRs in the PM as intact as possible during the extraction process. Although organic solvents such as DCM, MeOH, acetone and n-hexane are inefficient in extracting the total EPFRs in airborne PM, they could be used to fractionate different classes of aerosol components, e.g., water-insoluble matter (WISM) [46] . Thus, they are useful in gaining insight into the speciation of EPFRs.
EPR analysis
EPR (alternatively termed as electron spin resonance, or ESR) is the only analytical technique capable of directly and non-invasively detecting species with unpaired electrons, such as short-lived (e.g., · OH) and long-lived (e.g., semiquinone) free radicals, many transition metal ions, and defects in materials. As listed in Table 2 , all the reported data of EPFRs in airborne PM were measured using EPR. Basically, three parameters are typically registered using EPR spectroscopy: i.e., spin concentration to calculate the level of EPFRs in airborne PM and g-value and peak-to-peak line width (∆H p-p ) to distinguish the type of radicals present in the sample. The operation of EPR spectroscopy involves the control of many different parameters. Therefore, optimizing the EPR conditions is quite challenging yet crucial for the reliable characterization of the EPFRs. A total of nine different models of instruments manufactured by six different companies were used in the measurement of EPFRs in the airborne PM (Table 2) . Consequently, the parameter settings varied among the different models, particularly for those produced by different companies. Generally, the EPR was operated in the X band with a modulation frequency of 100 kHz, a modulation amplitude of 1-4 Gauss (G), a microwave power-frequency of 9.3-9.5 GHz, a receiver gain of 2500-5000, and a scan range of 100-400 G with a center field of 3200-3500 G.
There are generally two means to quantitatively characterize the EPFRs in airborne PM including both the g-value and radical concentration. The conventional means is to use the internal reference standards of very stable radicals: 2,2-diphenyl-1-picrylhydrazyl (DPPH) is the most frequently and widely used ( Table 2 ). The Mn 2+ standard and C r 3+ standard within MgO in a quartz tube have also been used during the last few years in the instruments (JES FA200 and MS5000) manufactured by JOEL and Freiberg Instruments, respectively. To enhance the accuracy and be more user-friendliness, the reference standards were recently built into the model of the Bruker EMX series, in which the radicals can be automatically quantified using the Xenon software. Thus, it is substantially more convenient and reliable than the conventional method.
g-Value and line width of EPFRs
The g-value of a radical is a dimensionless number that is indicative of the types of radicals present. The g-value measures how the magnetic environment of the unpaired electrons differs from that of a free, gas-phase electron (g = 2.0023) [47] . The "g-value" is denoted as the center of an EPR spectrum in dimensionless unit [48] . For organic radicals, the g-values are typically quite near that of a free electron, ranging from 1.99 to 2.01. For instance, the g-value of the stable organic radical of DPPH is 2.0036. For transition metal compounds, large variations can occur because of spin-orbit coupling and zero-field splitting resulting in values ranging generally from 1.4 to 5.0. As listed in Table 2 , there are two characteristic g-values for the Mn 2+ standard, i.e., 1.981 and 2.034; while for the C r 3+ standard within MgO in a quartz tube, there is only one characteristic g-value of 1.98.
As a rule of thumb, the closer the unpaired electron is to an oxygen, the greater the g-value: for carbon-centered radicals, g < 2.0030 (e.g., for the benzene anion radical, g = 2.0029) [47] ; for PAH radicals, g = 2.0027 ± 0.0001 [47] ; for carbon-centered radicals near an oxygen, g = 2.0030-2.0040 (e.g., 3,4-methoxylphenacyl, g = 2.0036); and for oxygen-centered radicals, g > 2.0040, e.g., phenoxyl (g = 2.0046-2.0053) [49] [50] [51] , semiquinone (2.0045-2.0049) [36, 47, 51, 52] , and quinone radicals (g = 2.0042-2.0050) [36] . Table 3 summarizes the g-values of common types of EPFRs, i.e., phenyl, PAH generated, phenoxyl, semiquinone and quinone. To better understand the relationship between the g-values and their molecular structures, the structural formula of the representative radicals listed in Table 3 is shown in Fig. 3 . Due to the fact that the spectra of most EPFRs are simple singlet lines without any hyperfine splitting structure, the identification of radicals is always a challenge. It is worth noting that the above "rule of thumb" approach is only a simplified method for EPFR measurements. For this reason, it is important to use high frequency EPR [16] and other analytical techniques in identification of the nature and origin of EPFRs.
The g-values can be shifted by matrix interactions or other substituents, such as chlorine. For instance, with increasing degree of chlorination, the g-value increased from 2.0062 for 2-cholrophenoxyl to 2.0076 for 2,4,6-trichlorophenoxyl [49] . Moreover, the g-value of the free radical is highly influenced by the matrix environment, e.g., with Table 3 Summary of the g-values of common types of EPFRs N/A data not available; Category: CCRO, carbon-centered radical with adjacent oxygen, Q-HQ quinone-hydroquinone system; Experimental condition: THF/DME tetrahydrofuran/1,2-dimethoxyethane, AO air oxidation; g-Value: 2.0047 ± 0.0002 shown as g iso (isotropic g-tensor)
Category
Radical [54] increasing temperature of the butanol-KOH solution, the g-value of 1,4-benzosemiquinone increased from 2.0045 at − 66 °C to 2.0047 at 23 °C [47] . In addition, the manner by which the free radical is formed has a huge impact on its g-value, a case in point being the phenoxyl radical. The g-value was measured as 2.0048-2.0050 from the gas phase pyrolysis of phenol [50] while the value increased to 2.0053 when it was produced in 10 −3 M carbon tetrachloride [49] .
On the other hand, the ∆H p-p is the standard measurement of the spectral width of the EPR derivative spectrum [48] ; its value is influenced by both the types of free radicals and their concentrations. For instance, if the unpaired electron is not exclusively localized on a single atom (i.e., through delocalization or complex formation), the EPR spectrum can broaden. The presence of multiple radicals can also result in an apparently broadened EPR spectrum [48] . Broadening of the line width may also be induced by an increased radical concentration, while their g-values remain unchanged. For example, the line width of semiquinone radicals derived from photolysis of hydroquinone solution changed from 12.5 to 9.5 G, while the concentration of the radical dropped from 1.5 (arbitrary units) to 0.07 at nearly the same g-value, i.e., 2.0049 and 2.0050, respectively [55] . Table 4 summarizes the reported g-values, line widths, types and concentrations of EPFRs in airborne PM. The types of PM and pretreatment methods are listed as well for comparison. To facilitate comparison among different studies, each sampling event was assigned a unique three-letter code was for washed samples (see Table 4 ) and the data were expressed as the mean plus minus standard deviation where possible (via revisiting of the original data). EPFR concentrations are expressed on both a volume and mass basis if available, i.e., in spins per volume of air sampled (spins/m 3 ) and spins per gram of PM collected (spins/g). As shown, in earlier studies (PM sampling that occurred during the period 1999-2015), only the spin concentration per mass of PM was available. Notably, the EPFR concentrations from Shanghai are surprisingly low, i.e., (2.02-9.43) × 10 5 spins/g [38] , which are greater than 10 orders of magnitude lower than those from other cities (Table 4 ). Consequently, the EPFR concentrations from this study were not included in the subsequent analysis. The lowest mean concentration of EPFRs in PM 2.5 on a mass basis was reported as 1.6 × 10 16 spins/g from Rubidoux in 1999; whereas the highest, i.e., 1.60 × 10 20 spins/g, was recorded in Beijing during the haze event of November and December of 2016. This was exactly three orders of magnitude higher than that in Rubidoux. The highest value found in Beijing was actually based on the EOE method, which was proven to have low efficient (only 6.8%) in extracting the EPFRs from PM 2.5 , even though multiple solvents were applied [45] . Hence, the real concentrations of EPFRs in PM 2.5 in Beijing during that period could have been much higher. In terms of spin concentration per volume, the lowest value (1.6 × 10 13 spins/m 3 ) was observed in Erenhot in the non-sandstorm days during the period of March-May 2016. Not surprisingly, the highest concentration again was found in Beijing with a value of (2.63 ± 1.22) × 10 16 spins/ m 3 , which was more than two orders of magnitude higher than that in Erenhot. Regarding the influence of particle sizes, it has been demonstrated that the majority of the EPFRs are associated with fine or ultrafine particles [32] . For instance, on average, approximately 77% and 98% of EPFRs were found in PM 1.0 and PM 2.5 , respectively, during the haze event in Beijing [32] . However, in terms of spin concentration per mass, it is not simply increasing with the decreasing of particle sizes. Arangjo et al. reported that for the particle sizes ranging from 0.056 to 0.56 µm, the highest EPFR concentration, i.e., (7.0 ± 0.7) × 10 17 spins/g, was found within the lower cut-off diameter of 100 nm (i.e., 0.10-0.18 µm) [37] . This coincides with mass size distributions of combustion-generated particles, such as soot or black carbon [56] , which typically have peak concentrations at approximately 100-200 nm, indicating that the EPFRs may well be associated with soot particles [13] . Regarding the PM size-fractionated study in Beijing, the peak mass concentration of EPFRs, i.e., (1.94 ± 1.83) × 10 20 spins/g, was found in PM 1.0-2.5 (1.0 ≤ d ae ≤ 2.5 µm). This value was slightly greater than the value of PM 1.0 , i.e., (1.59 ± 0.81) × 10 20 spins/g, but significantly greater than the concentration for PM 2.5-10 (2.5 ≤ d ae ≤ 10 µm), i.e., (2.63 ± 2.40) × 10 19 spins/g [32] . Among the investigations of EPFRs in airborne PM, few were conducted in indoor environments [35, 36] . The investigation of indoor airborne PM in Beijing showed quite high concentrations, i.e., (1.6 ± 0.18) × 10 20 spins/g [36] , which were from two to three orders of magnitude higher than those found in the indoor environment in Pune, i.e., 10 17 -10 18 spins/g [35] .
Environmental occurrences of EPFRs in PM 2.5
Concentrations of EPFRs
To focus on the analysis of EPFRs in PM 2.5 in the outdoor environments, a pre-screening of the dataset was performed. In principle, the publications with the same dataset or whose results are not convincing were removed from the list. Moreover, studies using the EOE method were not considered as they were inefficient in extracting the overall content of EPFRs in the PM sample and were not comparable to the majority of the methods used in the literature, i.e., the QTB, QSB, and EOP methods. Consequently, a total of 23 datasets with three-letter code in bold in Table 4 were chosen for the further analysis. In summary, in terms of mean concentration of EPFRs, it ranged from 1.60 × 10 16 to 5.35 × 10 18 spins/g with an average of (1.24 ± 1.64) × 10 18 spins/g, or in the volume basis, ranging from 1.60 × 10 13 to 3.97 × 10 14 spins/m 3 with an average of (1.13 ± 1.11) × 10 14 spins/m 3 . As shown in Fig. 4 , the majority (12 out of 20) of the EPFR datasets has a mean concentration per mass of PM 2.5 less than 10 18 spins/g. In terms of concentration per volume of air, most (8 out of 11) of the EPFR datasets has a mean concentration less than 10 14 spins/m 3 .
Types of EPFRs
As listed in Table 4 , on average, the lowest g-value, i.e., 2.0027 was found in the indoor environment of Pune and which was readily assignable to carbon-centered radicals [35] . The highest g-value of 2.0048 was observed in PM 3.0 deposited on the leaves in the urban areas of Memphis, USA. The high g-value may well have resulted from the ortho-or para-semiquinone radicals [41] . In terms of line width, it ranged from 3 G [37] to 14.3 G [40] . Figure 5 shows the distribution of g-value and line width for the screened 23 datasets of EPFRs in ambient PM 2.5 . It is apparent that the majority (16 out of 23) of the studies show an average g-value between 2.003 and 2.004, which were mostly attributed to semiquinone radicals ( Table 4 ). The three datasets with a g-value greater than 2.004 were all from the research conducted in Memphis [41] , while those with the mean g-value less than 2.003 were from Jinan (2.0029) [33] and Xi'an during the fall season (2.0029) [34] ; the latter were mostly assigned as carbon-centered radical or carbon-centered radical with adjacent heteroatoms. Overall, an averaged g-value of 2.0035 ± 0.0056 was obtained for all 23 investigations. With respect to line width, on average, it ranged from 3.7 to 11.9 G, with a mean value of 6.6 G and standard deviation of 2.9 G. As shown in Fig. 5, in most cases (12 out of 19) , the line width is less than 6.6 G, with a mean value of 4.6 G and a standard deviation of 0.9 G. All the cases with a broad line width (∆H p-p > 10 G) were reported in one publication in the USA in 2001 [24] . Therefore, this consistent large deviation from the mean value of 6.6 G may be more attributed to the systematic differences in determining the line width rather than the inherent nature of the EPFRs in PM 2.5 .
Statistical analysis was performed to examine the effect of the EPFR concentration on their g-values and line widths. Figure 6 shows that the g-value has good linearity (n = 10, R 2 = 0.64) with spin concentrations (at a log scale) of EPFRs where their main type was semiquinone radicals. On the other hand, with increasing concentration, the line width nearly linearly increases (n = 8, R 2 = 0.68) for EPFRs with lower g-values (i.e., carbon-centered radicals or carbon-centered radicals with adjacent heteroatoms). This is consistent with the concept of concentration broadening as mentioned in the literature [39] .
Lifetime and decay of EPFRs
Chen et al. classified the decay of EPFRs into three modes, i.e., fast decay, slow decay and no decay with a 1/e lifetime (τ 1/e ) within the range of < 100, 100-1000, and > 1000 days, respectively [46] . As proposed by the Dellinger's group, the radical responsible for the fast decay (τ 1/e = 21 days) is the phenoxyl-type radical, while that for the slow decay (τ 1/e = 208 and 417 days) is the semiquinone-type radical [39] . No decay may occur because the radicals are trapped within the bulk of PM 2.5 or restricted within a solid matrix in which the unpaired electron is delocalized over many aromatic bonds. Either way, the radicals cannot be oxidized in air; thus, they indefinitely persist in the environment [39] . Table 5 summarizes the lifetime and decay of EPFRs in airborne PM. To facilitate comparison among different studies, the data were expressed as mean plus minus standard deviation where possible (via revisiting of the original data). Studies have shown that few radicals formed on the synthesized PM decay up to 60 days [28] . In comparison, the lifetime of EPFRs in airborne PM is generally much longer, on average, ranging from 6.2 [39] to 81 days [46] for fast decay and from 142 [39] to 694 days [46] for the slow decay (Table 5 ). A total of five decay processes were reported in the literature for the EPFRs in PM 2.5 , i.e., single slow decay (SD) [32, 39] , single no decay (ND) [34, 39] , fast decay followed by slow decay (FD-SD) [34, 39, 46] , fast decay followed by no decay (FD-ND) [34, 39, 46] and slow decay followed by no decay (SD-ND) [32, 34] . Among all the investigations, only one study observed the fast growth (FG) of EPFRs in an extractable WISM sample proceeding the SD and FD-SD/ND [46] .
To obtain more generalized quantitative descriptions of the various types of decaying behavior of EPFRs in PM 2.5 , the data listed in Table 5 for the original filter samples were further analyzed with a total sample number of 176. The results are shown in Fig. 7 . In summary, the most prevalent decaying process is FD-SD, accounting for 43.8% of the cohort, with the τ 1/e of FD and SD being 35.8 ± 22.1 and 402 ± 179 days, respectively. The second most common type (20.5%) is FD-ND, with its 1/e lifetime, i.e., 35.6 ± 22.4 days, similar to its counterpart in the FD-SD process. The ND process accounts for 15.9% of the total sample (not shown in Fig. 7) . With a similar sample count as ND, i.e., 15.3%, the SD process has a 1/e lifetime of 396 ± 359 days, slightly shorter than the counterpart in the FD-SD process. The remaining process (4.5% of the cohort) is the SD-ND, where the SD mode has a 1/e lifetime of 362 ± 58.7 days. As listed in Table 5 , the decayable EPFRs in PM 2.5 only account or 20-25% and 10-15% of the total EPFRs present in the PM 2.5 samples collected in fall and winter in Xi'an in 2017, respectively [34] , indicating that the majority of the EPFRs in PM 2.5 are not degradable.
Chen et al. reported that the atmospheric concentrations of EPFRs in PM 2.5 rapidly decrease within the first 7 days after sample collection and there are virtually no changes occur after 30 days. Hence, the decaying lines shown in Fig. 7 are depicted based on the assumptions that the fast decay only lasts for 7 days and the on-set of no decay starts on Day 31 if it is part of the decay process. If these assumptions are valid, we can use the constants shown in Fig. 7 to predict the amount of EPFRs degraded within a certain amount of time. For instance, within 3 months (90 days), samples belonging to FD-SD, FD-ND, SD and SD-ND decreased by approximately 33.2%, 17.9%, 20.3%, and 7.96%, respectively. Bearing in mind that 15.9% of the sample experienced no decay during that period and with the percentage of each type of decay process being the same as that shown in Fig. 7 , the averaged decayable amount of EPFRs in PM 2.5 under such conditions would be amounted to 21.7%. This value is quite similar to the averaged values during fall (20-25%) and winter (10-15%) reported by Chen et al. [34] .
The reactivity of the radicals towards oxygen is controlled by whether the unpaired electron is on a carbon or oxygen atom. If the electron is located on a carbon center, then the reaction with oxygen would result in peroxide; whereas, a reaction with an oxygen-centered site results in a much less stable ozonide (or no interaction). Thus, carbon-centered radicals are expected to be more reactive than oxygen-centered radicals [13] . According to the published data, during the decaying process, the g-value may undergo slight changes, e.g., increased by 0.001 [34] . This implied that carbon-centered radials were converted to oxygen-centered radicals or carbon-centered radicals with an adjacent oxygen atom.
Sources of EPFRs in PM 2.5
The EPFRs in PM 2.5 may include both the primary sources of coal combustion and vehicle emissions and secondary formation via atmospheric oxidation processes. Wang et al. quantitatively analyzed the contributions of various sources of EPFRs in PM 2.5 using the positive matrix factorization (PMF) [57] . It was found that the five main sources in terms of explained EPFR percentages are motor vehicle emissions (32.1%), dust (27.2%), coal combustion (16.8%), industrial emissions (11.7%), and secondary nitrates (3.4%). Chen et al. shows that the EPFR concentration was significantly and positively correlated with the concentrations of EC and NO 2 , thus indicating traffic emissions may be the important source of the EPFRs in PM 2.5 [46] . Oyana et al. also demonstrated that vehicle emissions may be an important source of EPFRs present in PM 2.5 [41] . Among the 107 leaf samples collected, the top 10 EPFR concentrations (with the highest value of 3.68 × 10 19 spins/g) were all situated in locations where the predominant ambient source was small vehicles, diesel trucks and major industrial sites [41] . This is further justified by the correlations between the EPFR concentration and different factions of OC and EC. A number of studies have shown that the relationship between EPFR concentration and OC2, OC3, OC4, and EC1 were quite significant. OC2 and OC4 are the identified components of coal combustion and OC3 and EC1 are the identified components of motor vehicle exhaust and restaurant fumes, respectively [34] . Therefore, coal combustion, motor vehicles and restaurant fumes may be the key sources of EPFRs in PM 2.5 .
EPFRs in PM 2.5 may also form via secondary atmospheric oxidation processes. For instance, a study has shown that the PAHs in the ambient air may be adsorbed to the surface of PM and degraded under UV-light irradiation and the free radicals formed can be stabilized through interactions with transition metals [21] . Recently, Chen et al. showed that the EPFR contents in PM 2.5 significantly increased after excitation via visible light, indicating that it can induce certain species in aerosol samples to produce EPFRs and thus accelerate the photochemical aging of atmospheric particulates [45] . The resuspension of soil or dust may contribute to the EPFR concentration in PM as well. It has been reported that the soil organic matter may contain obvious free radical signals with g-values within the range of 2.0030-2.0042 that were mostly attributed to semiquinone radicals [21] . As previous discussed, the majority of EPFRs in PM 2.5 are not extractable by solvents. Fourier-transform infrared spectroscopy (FT-IR) analysis showed that the non-extractable residues were rich in benzene ring structures (graphite) and heteroatom functional groups, which supports the hypothesis that the EPFRs in PM 2.5 may be derived from graphene oxide (GO) analogs rather than EC or metallic oxides [46] . The study also demonstrated that the black carbon present in atmospheric particles is rich in graphite structures and contains not only carbon atoms but also oxygen atoms, nitrogen atoms, and other heteroatoms; thus, it can contribute to the formation of EPFRs in PM 2.5 [46] .
Summary and outlook
EPFRs are long-lived radicals that are ubiquitous in the environment and are capable of producing harmful ROS such as hydroxyl radicals. Although scientists have known the existence of PFRs for more than 60 years, the research on their environmental occurrences in PM 2.5 and associated potential health risks only became apparent during the 2000s. While research regarding EPFRs in PM 2.5 is still in its infancy, this work provides a timely and systematic review of how EPFRs have been determined in PM 2.5 samples as well as the key findings thus far with respect to their types, concentrations, lifetimes and decay behaviors as well as their possible sources. The types of pretreatment methods, g-values of common EPFRs and the categories of decay processes were discussed in detail. Based on the compilation of literature data, we proposed a more generalized set of decay constants that can be used to estimate the amount of EPFRs degraded over time. Moreover, great efforts were made to revisit the original data of the published works and fill the gaps of the data needed for comparison where possible, e.g., their mean and standard deviation of g-values, line widths (∆H p-p ), and concentrations. Despite the progress that has been made during the past two decades, major knowledge gaps remain in fully understanding the environmental occurrences of EPFRs in PM 2.5. First, recent studies have shown that the majority of EPFRs present in PM 2.5 are nonsolvent-extractable and that the non-extractable residues (likely the GO analogs) are able to form EPFRs in the absence of EC and metallic oxides. Hence, more efforts are needed to characterize the components of the non-extractable organic matter in airborne PM Second, the current pretreatment and analytical methods are incapable of separating various EPFRs in PM 2.5 . Consequently, only the apparent g-value and line width are provided without detailed information such as g-tensors and hyperfine splitting constants which are essential in identifying the specific structures of the radicals. Therefore, more efficient pretreatment and analytical methods such as high frequency EPR need to be developed. Third, although the formation of EPFRs has been extensively studied for synthesized PM using substituted aromatics, the link between such precursors and EPFRs in ambient PM 2.5 has not been fully studied. Therefore, substantial efforts are needed in this line of research. Finally, currently, most of the studies of EPFRs in PM 2.5 have been conducted in outdoor environments. However, as nowadays people spend most of their time in indoor environments, investigations of EPFRs in PM 2.5 in indoor environments are urgently needed. 
